Background: Over the past few years, there has been growing interest in assessing the relationship between exposure to radon at home and the risk of childhood cancer. Previous studies have produced conflicting results, probably because of limitations assessing radon exposure, too few cancer cases and poorly documented health statistics.
An association between leukaemia and medical radiation exposure was identified more than 60 years ago (Cour-Brown and Doll, 1957) . Since the 1990s it has been hypothesised that radon inhalation may deliver a small amount of irradiation to the red bone marrow, and consequently may increase the risk of leukaemia among children. The causes of childhood leukaemia and cancer in the central nervous system (CNS) are poorly understood (Idowu and Idowu, 2008; Eden, 2010) . Moderate to high doses of ionising radiation are an established environmental risk factor for cancer in the CNS, but exposures to low-level radiation are not well characterised (Braganza et al, 2012) .
A recent meta-analysis summarised data from ecological and case-control studies on radon exposure and childhood leukaemia, showing an increase in leukaemia with increasing radon exposure (Tong et al, 2012) . Since 1987 eight case-control studies and a cohort study have been reported. Studies from the United States/ Canada (Lubin et al, 1998; Steinbuch et al, 1999) , Germany (Kaletsch et al, 1999) , Japan (Yoshinaga et al, 2005) and the United Kingdom (UK Childhood Cancer Study Investigators, 2002a; Kendall et al, 2013) and an even more recent cohort study did not find any association between radon exposure and childhood cancer including leukaemia and CNS cancers (Hauri et al, 2013) Contrary to this, studies from Egypt (Maged et al, 2000) and Denmark (Raaschou-Nielsen et al, 2008) found an association with leukaemia. Authors of two British studies showed the problems associated with assessing radon exposure (UK Childhood Cancer Study Investigators, 2002a, b) . Some of the limitations in many of the previous studies include too few cancer cases and limited documented health statistics, especially organ-specific cancer rates (Brenner et al, 2003) .
Norway has one of the highest incidences of childhood cancer in the world (Stiller et al, 2006; Schmidt et al, 2011) , and one of the highest indoor radon concentrations (Stranden, 1986; Stigum et al, 2003) with an average level of radon in Norwegian dwellings around 90 Bq m À 3 (Swedish Radiation Safety Authority et al, 2009). Because of its geologic conditions, the Oslo area has a wide variation in indoor radon exposure. In addition, the cold climate leads to limited ventilation in the winter season. This in combination with good cancer and population records makes Norway a suitable ground for studies of this type.
The purpose of the present paper was to test the hypothesis that children who grow up in homes with elevated radon concentrations have increased risk of developing leukaemia or cancer in the CNS.
MATERIALS AND METHODS
Description of the cohort. This study includes all children born alive in the counties of Oslo, Akershus, Vestfold and Østfold, together with the municipalities of Gran, Jevnaker, Lunner, Lillehammer, Gjøvik, Vestre Toten, Østre Toten, Søndre Land, Ringerike, Hole, Lier, Nedre Eiker, Røyken, Drammen and Hurum, which are situated in the geologic Oslo area (Figure 1) , from 1 January 1967 to December 2009.
The sample was identified from The Norwegian Population Register. Everyone registered as a resident in Norway is assigned a unique Norwegian personal ID number that allows linkage to several nationwide population-based registers.
From The Medical Birth Register of Norway, we obtained date of birth, sex, birth weight, gestational age, congenital malformations and date of death. We defined preterm birth as being born before gestational week 37. For the mother, we obtained year of birth, parity and complications during pregnancy, including haemorrhage and hypertensive condition. Parent's highest educational level and annual income data were obtained from other registers (Statistics Norway, 2006) .
Cases. Cases were children diagnosed with leukaemia or cancer in the CNS, before 15 years of age between 1 January 1967 and 31 December 2009, classified according to the International Classification of Diseases of Oncology (April Fritz et al, 2000) . Information on cases was obtained from The Cancer Registry of Norway, which has been considered to be very close to complete (Larsen et al, 2009 ).
Residential history. We had accurate information on addresses at 1 January 1980 and each year from 1987 to 2009. In addition, we had addresses from a population census in 1970. Addresses at the 1970 census were based on residential area. All other addresses were based on exact numeric addresses. Moving history between municipalities was available from 1 January 1981. Between 1984 and 1986 , all children in the cohort were regarded as living in the same place as in January 1987 January and between 1975 January and 1983 at the same address as in January 1980. For children in the cohort between 1967 and 1974 addresses from the census in 1970 were used. Children born before 1987 had at least information on two addresses in the follow-up period. For children with missing information on radon exposure in some of the years of the followup period and in the absence of moving to another municipality the time-weighted average concentration for the part of the childhood period with know radon concentration was used as a best estimate. If the child moved out of the study area, it was given the known radon concentration of the years the child lived in the study area.
Exposure assessment. We had on-site indoor radon measurements only for 6% of the residences in the study region. Therefore, we used a buffer model with different radius size to estimate radon exposure to the rest of the cohort (Figure 2) . The model was based on 41 515 indoor radon measurements. When this was missing, indoor radon measurements from at least five dwellings found around each non-measured unit were used to estimate a radon value (geometric mean). In all, 53.7% of these dwellings were assigned a radon mean from five or more measured dwellings found in a radius of 300 m. For 17.9% we had to increase the radius to 500 m to find at least five measured dwellings, for 15.5% the radius was 1000 m and for 13.0% 2000 m. If we could not find five dwellings inside a radius of 2000 m around an unmeasured dwelling, the house got the same value as the closest measured dwelling. This method is explained in more detail elsewhere (Kollerud et al, 2014) . Residential areas identified from the population census in 1970 were assigned radon mean concentrations found in their actual residential area. In addition, 45.5% of the houses occupied by children born after 1986 had information on level of radon hazard: low, medium or high. The radon hazard categories were based on distribution of uranium-rich rock types, uranium concentrations in the ground and permeable drift deposits found at each coordinate point. Rocks like alum shale and granite are associated with elevated levels of radon in indoor air, and sand and gravel can permit the transport of radon from large ground volumes into dwellings. The presence of these kinds of deposits in the substrates of dwellings is generally regarded as a high radon hazard factor (Smethurst et al, 2008) . Radon exposure was divided into tertiles (1-56.8, 56.9-93.2 and 93.3-6315 Bq m À 3 ), which were rounded to o50, 50-100 and 4100 Bq m À 3 . We also grouped exposure into o100, 100-199 and X200 Bq m À 3 , according to national and international recommendations (Norwegian Radiation Protection Authority, 2009; Zeeb and Shannoun, 2009) . To explore a possible exposureresponse hypothesis, we analysed radon exposure as a continuous variable grouped into five groups by increments of 100 Bq m À 3 . Exposure was estimated each year from birth to whatever came first: the age of 15 years, the date of diagnosis of leukaemia or cancer in the CNS, emigration, death or the end of the follow-up period. More specific information on exposure windows may improve the risk assessment by identifying the most sensitive windows for evaluation of radon exposure in children (Selevan et al, 2000) . We analysed radon mean concentration in three exposure periods: at birth, in the first 4 years of life and in the whole follow-up period. Because of high incidence of especially leukaemia among the youngest children (Figure 3 ), we did not find use of cumulative exposure suitable to use in our material.
Statistics. Logistic regression was used to analyse the cancer types according to exposure during the first year after birth, whereas Cox proportional hazard models were used to analyse time to event of the two cancer types after exposure for 0-4 years and during whole study period (0-15 years). We used logistic regression to analyses cancers in the first year of life as there was not time aspect involved and Cox regression later to take into account the time to diagnosis. Radon exposure and cancer are independent observations, and the incidence of cancer in children was relatively constant across time.
Figures 3 and 4 show full age ranges plotted against year of diagnosis. We used two models for adjusting, first, adjusted for paternal and maternal education and annual family income (Model I; Table 2 ). Then, we added the child's sex, birth weight, congenital malformations and parity to the model (Model II). Preterm birth, mother's age and complications during pregnancy had no significant effect on the estimates and were excluded in the regressions. Analyses were run in SPSS version 20 (IBM, Armonk, NY, USA).
We had more detailed residential information for the time period from 1987 including type of dwelling and radon risk category. However, we lacked information on some factors that might influence the radon concentration in the dwellings such as floor number and building materials. Radon concentrations may be lower on high level floors compared with low-level floors. Building materials may be a less important factor (Zeeb and Shannoun, 2009 ). Thus, we performed separate subanalyses for children born in 1987 or later (Table 3) . First, we included only dwellings with information of numeric address, excluding children living in high apartment buildings. Second, we analysed children living in detached and semidetached dwellings. Third, we only included children living in houses with on-site indoor radon measurements. Finally, we performed an analysis of radon exposure adjusted by the level of radon hazard.
The project was approved by the Norwegian Data Protection Authority and the Regional Committees for Medical and Health Research Ethics.
RESULTS
The cohort consisted of 712 674 children 0-15 years of age born between 1967 and 2009 (Table 1) . A total of 864 cancer cases were identified, 437 children with leukaemia and 427 children with cancer in the CNS. Highest incidence rates were found among the youngest children, especially for leukaemia. The study had relatively many cases for each value of the independent variables.
Radon exposure assessment was available for 98.7% of cases of leukaemia and for 97.7% of CNS cancer cases. In all, 5.7% of the children, for whom a radon exposure was not obtained and could not be reconstructed, were excluded.
Geometric mean radon concentration for leukaemia was 89.1 Bq m À 3 with a median of 75.6 Bq m À 3
. For cancers in the CNS, the radon mean was 100.2 Bq m À 3 and the median was 77.9 Bq m À 3
. The mean radon concentration for the whole cohort was 91 Bq m À 3 and the median was 74 Bq m À 3 . These differences were not statistically significant. Thus, mean radon concentration was similar across cases and in the whole cohort. Table 2 shows crude and adjusted odds and hazard ratios for leukaemia and cancer in the CNS in the different radon exposure categories. There were only a few marginal changes in the effect estimates across the various models. We observed a small increased risk of both cancers among children under 1 year of age in the highest radon exposure group compared with the controls (crude OR ¼ 1.26; 95% CI: 1.05-1.52), and similar results for cancer in the CNS (OR ¼ 1.34; 95% CI: 1.04-1.73). We also observed a borderline increased risk among children when only taking into account the exposure during the first 0-4 years of life in the highest radon exposure group (crude HR ¼ 1.29; 95% CI: 1.00-1.66). When adjusted for socioeconomic and birth variables 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 (Model I or II), the observed increased risk was no longer statistically significant at the 5% level. Hazard ratios were also estimated with radon exposure as a continuous variable to explore a possible linear exposure response. We observed an increase of 17% for CNS cancers for each 100 Bq m À 3 increase in exposure when only taking into account the exposure during the first 0-4 years of life. It was only borderline significant after adjustments (Table 2) . No association was observed when radon exposure was classified in just three categories o100, 100-199 and X200 Bq m À 3 . Table 3 shows the analyses regarding type of house for children 0-15 years old born after 1987 and living in homes we believed had the most accurate exposure assessment. These subanalyses showed the same results as the main analyses in Table 2 for leukaemia. For CNS cancer, however, among children living in houses with on-site measurements, we observed a nonsignificant 36% increased risk for every 100 Bq m À 3 increase in exposure and an increased risk of 2.33 (0.70-7.69) in houses with radon concentrations above 100 Bq m À 3 . A total of 27 186 children (cases ¼ 28) with available data on results from radon measurements taken in living rooms were also analysed separately with similar results, that is, no association was observed.
We performed a subanalysis taking into account mean radon exposure in the follow-up period and level of radon hazard of the Ref.
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DISCUSSION
This study offers no support for the hypothesis that elevated indoor radon concentration is associated with childhood leukaemia. The observed association between childhood radon exposure and cancer in the CNS was no longer statistically significant after adjustment for socioeconomic and birth variables. Results from four subanalyses were consistent with the main results. However, we observed a nonsignificant increased risk of CNS cancer in homes with on-site radon measurements and during time periods with more accurate address information. We conducted several analyses concerning age of the child and radon exposure as certain types of cancer such as leukaemia may have peaks between 2 and 5 years. No association was found in the different time periods.
Strength and limitations. A major strength of this study is the prospective cohort approach and the quality of data on cancer diagnoses and multiple risk factors, which allowed us to adjust for several conditions that may confound the association between childhood cancer and radon exposure. To our knowledge, this study is the second cohort study reported in the literature, and it is the first cohort study following radon exposure for all children from birth. Additionally, there was available residential history for children in the majority of the years of follow-up and a detailed residential history for children born after 1987. This allows us to have a more accurate estimate of the exposure. Exposure during pregnancy is important because foetuses and young children may be more sensitive to radiation owing to immature biologic response (Kim et al, 2006) , and residential address at birth is the best available proxy for the place of residence during pregnancy. In this way, we may have a surrogate estimate of radon exposure for mothers during pregnancy.
Another advantage of this study is the variation of radon exposure in the study area (Kollerud et al, 2014) . Mean radon concentration is the highest reported in analytical studies so far. It is important to note that if exposures tend to be homogeneous or have low variability their effects might be underestimated or even completely obscured (Rothman et al, 2008) . The high heterogeneity of radon exposure may improve the statistical power of the present study.
We used a model to estimate radon exposure in as short distances as possible around each unmeasured building. Only two other studies used such radon density measurements, to characterise individual radon exposure within small geographical areas (Hauri et al, 2013; Kendall et al, 2013) . When estimating radon concentrations with radon measurements taken in the same area as the unmeasured buildings, it is more likely that the dwellings share important factors associated with radon concentration, such as geology and ground permeability. It is also likely that radon estimates from this method might express similarities in other factors influencing indoor radon concentrations such as building styles and living habits.
An important limitation is the potential for exposure misclassification which in this cohort study may lead to a reduction in the estimated ORs. The modelling of indoor radon estimates used in this study is based on mean radon values found within circles around each building. The uncertainty of the radon value increases with the increasing radius. Radon values from the buffers were validated by comparing with indoor radon measurements and with radon values from a regression model constructed with important radon predictors as radiometric data, equivalent concentrations of thorium, uranium and bedrock geology. It was good agreement with both methods (Kollerud et al, 2014) . Nevertheless, the risk of exposure misclassification must be taken into account when interpreting the results of this study.
Another limitation is the lack of control over the habits of dwelling inhabitants, such as whether windows are opened, the average indoor temperature and other occupancy patterns.
A further limitation of the exposure assessment method is that we assessed only indoor concentrations at home and lacked information on radon exposure outside homes such as care institutions and school.
Discussion of results. Earlier ecologic studies have observed a positive association between radon concentration and the risk of leukaemia, and this is the 'common knowledge' today (Evrard et al, 2005) .
Since 1987, nine good analytical studies have been reported of which a recent cohort study (Hauri et al, 2013) and six case-control studies, in accordance with our study, found no association for leukaemia (Lubin et al, 1998; Kaletsch et al, 1999; Steinbuch et al, 1999; UK Childhood Cancer Study Investigators, 2002a; Yoshinaga et al, 2005; Kendall et al, 2013) . Two of these studies, on the contrary to our study, found a positive association with leukaemia, but not with CNS cancer (Maged et al, 2000; Raaschou-Nielsen et al, 2008) .
Maged et al (2000) reported a significant association for leukaemia. This case-control study only had access to 50 cases Adjusted for parity, birth weight, sex, congenital malformations, family income, mother and father's level of education.
and 110 controls. Radon concentrations were measured in bedroom and living room. The other case-control study with a positive association by Raaschou-Nielsen et al (2008) had a large number of cancer cases, 1153 leukaemia and 922 cases of cancer in the CNS. The difference from our study may be due the use of different study design and the use of different models to assess indoor radon concentration. The Danish study used 3120 indoor radon measurements geologic maps and information on buildings for the whole of Denmark. Although the model has a R 2 of 40% (Andersen et al, 2007) , this approach might lead to a risk of exposure misclassification. Several authors point out geology as a useful, but not sufficient indicator for estimating radon in buildings (Gundersen and Schumann, 1996; Hulka et al, 1997; Miles, 1998) . Indoor radon concentrations are extremely variable, even for houses on identical geology. There might also be some uncertainty arising from the use of geologic maps regarding the coordinates of geologic boundaries (Hunter et al, 2009) . Geologic conditions such as rocks containing high levels of uranium and high permeability of soils and rocks for gases are some of the main parameters for final radon risk classification of buildings. Even areas with low radon concentration in the soil can cause significant indoor radon concentrations in cases of high permeability in the contact area between the building and the soil environment (Neznal and Neznal, 2005) . More accurate radon exposure may be obtained from direct indoor measurements combined with geologic maps (Miles and Appleton, 2005) . Our model was based on high-density indoor radon measurements in the whole study area. We had also information on important predictors for indoor radon such as radiometric data, permeability in the ground and bedrock geology.
We observed a nonsignificant increased risk of CNS cancer in this study based on 13 CNS cancers. In Germany, a case-control (Kaletsch et al, 1999 ) report a nonsignificant elevated risk (OR ¼ 2.61; 95% CI ¼ 0.96-7.13) based on six CNS tumours. More recent larger studies report no associations between elevated radon exposure and cancer in CNS (UK Childhood Cancer Study Investigators, 2002a; Raaschou-Nielsen et al, 2008; Hauri et al, 2013; Kendall et al, 2013) .
Childhood leukaemia and cancers in the CNS are diseases with low incidence rates. Only few analytical studies had access to more cases than our study (UK Childhood Cancer Study Investigators, 2002a; Raaschou-Nielsen et al, 2008; Kendall et al, 2013) . Two of them (UK Childhood Cancer Study Investigators, 2002a; Kendall et al, 2013) did not have complete residential histories.
CONCLUSION
We did not find any association between radon exposure at home and the risk for developing leukaemia or cancer in the CNS among children under 15 years of age living in the Oslo area. The present study gives an indication of an association between CNS cancer and radon exposure in homes with on-site radon measurements and during time periods with more accurate address information. However, the association is not observed in the full material after adjustments for potential confounders. The results regarding CNS cancer should be interpreted with caution owing to the crude exposure assessment and possibilities of residual confounding.
